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Abstract: One of the aims of successful total knee arthroplasty (TKA) is to restore the natural range of
motion of the infected joint. The operated leg motion highly depends on the coordinate systems that
have been used to prepare the bone surfaces for an implant. Assigning a perfect coordinate system to
the knee joint is a considerable challenge. Various commercially available knee arthroplasty devices
use different methods to assign the coordinate system at the distal femur. Transepicondylar axis
(TEA) and Whiteside’s line are commonly used anatomical axes for defining a femoral coordinate
system (FCS). However, choosing a perfect TEA for FCS is trickier, even for experienced surgeons,
and a small error in marking Whiteside’s line leads to a misaligned knee joint. This work proposes a
modified Whiteside’s line method for the selection of TEA. The Whiteside’s line, along with the knee
center and femur head center, define two independent central planes. Multiple prominent points
on the lateral and medial sides of epicondyles are marked. Based on the lengths of perpendicular
distances between the multiple points and central planes, the most prominent epicondyle points are
chosen to define an optimal TEA. Compared to conventional techniques, the modified Whiteside’s
line defines a repeatable TEA

Keywords: imageless navigator; knee alignment device; total knee arthroplasty; repeatable
transepicondylar axis; femoral coordinate system; modified Whiteside’s line

MSC: 92B05

1. Introduction

The knee joint is the largest joint in the human body. Osteoarthritis-induced wear and
tear of the articulating surfaces of the knee causes discomfort to the patient [1]. Arthroplasty
is considered to be the permanent solution to treat the most severe knee arthritis [2].
Surgeons perform total knee arthroplasty (TKA) relying either on an imaging technique like
ultrasound [3] or an imageless computer-based technique [4]. The computer-assisted TKA
is becoming popular, because most of the alignment work is done by computers; hence,
the transplanted joint is expected to be accurately aligned, with quicker recovery time, due
to minimal incision [5]. The computer-assisted TKA device consists of software that takes
some anatomical points as input. The marking system of these anatomical points usually
relies on an infrared, laser, or electromagnetic pulses emitter, and reflectors paired with an
optical camera to obtain the real-time position of the marked point [6–8].

The software constructs a virtual coordinate system for the knee to undergo arthro-
plasty, and based on the coordinate system, it guides the surgeon to prepare the bone
surface for implant. The coordinate system can be assigned by different methodologies,
for example, the transverse axis at the distal femur for assigning a femoral coordinate
system (FCS) can be obtained by fitting a circle, a sphere, or a cylinder in the articulating
surfaces of the distal femur, and using the center of the fitted geometry, the transverse axis
is assigned [9,10]. Another approach is to join the most prominent points on the lateral and
medial epicondyles to construct an anatomical transepicondylar axis (aTEA) [11]. Similarly,
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a surgical transepicondylar axis (sTEA) can be defined by joining the lateral epicondyle
and medial sulcus [12]. In some cases, the posterior condylar axis (PCA) being in front of
the surgeon can be easily used to define the transverse axis [13]. PCA and sTEA are parallel
to each other, and perpendicular to the anterior posterior axis (AP axis) or Whiteside’s
line [14,15]. Whiteside’s line is defined by using the deepest part of the patella groove (PG)
anteriorly and the center of intercondylar notch (N) posteriorly [16]. sTEA is considered to
be a standard to set the rotational alignment for TKA [17,18]. However, some studies have
compared the sTEA and aTEA for their ability to be chosen as a transverse axis for FCS. For
example, Tanavalee et al. studied the CT scans of 55 osteoarthritic knees considering both
sTEA and aTEA, and they concluded that aTEA is near perpendicular to the AP axis and
more reliable for rotation alignment compared to sTEA [19]. In the same year, Yoshino et al.
examined 48 patients eligible for TKA and found that the medial sulcus was detectable
in only one-fifth of the severe osteoarthritis cases; for less severe cases, it was detectable
in half of the cases [20]. Hence, it was concluded that the chances of detecting the medial
sulcus decrease with an increase in the severity of osteoarthritis.

Deterioration of PCA in severe osteoarthritis makes it less favorable for the selection of
the transverse axis [20]. Whiteside’s line being a smaller landmark leads to rotational error
of up to 10◦, even for small uncertainties [21]. It is a well-known fact that alignment error
>3◦ from the natural alignment of the knee leads to quick wear and discomfort of the patient,
and finite element analysis can accurately predict initial stability of an implant; however,
the computational cost increases [15,22,23]. The sTEA, being an inconsistent landmark [24],
leaves only aTEA to be a reliable choice for assigning the FCS and setting the rotational
alignment of the implant [19,25]. Malrotation alignment leads to instability of implant, the
discomfort of the patient, patella maltracking, and quick wear of inserted polyethylene [26].
So, the TKA is sometimes required to be revised. Fehring et al. summarized the 15-year data
of revised TKA cases and found that 41% of the cases showed conditions related to rotational
malalignment [27]. Another similar case study of 1632 revised TKA cases showed that
42% of the cases were linked with wear of the insertion and instability of the implant [28].
Dalury et al. also investigated the reasons why TKAs are revised, based on the analysis,
48% of the cases were linked with the symptoms attached to rotational malalignment [29].
Choosing a perfect aTEA is not always possible, which leads to rotational malalignment.
Stoeckl et al. invited a team of four experienced surgeons to mark six cadaveric human legs.
Skin and soft tissues were removed, and surgeons had to pick the most prominent point on
lateral and medial epicondyles using an optical navigation system under perfect laboratory
conditions. Each surgeon marked aTEA for three consecutive days; 144 points were marked
by all the surgeons. Excluding extreme values, the selected points were distributed in an
area of 298 mm2 on the medial and 278 mm2 on the lateral side of the bone. Using the
extreme values of the marked area, a maximum of 8◦ of internal rotation was calculated
(3◦ allowed) [30]. Another study investigating the reproducibility of aTEA, where eight
surgeons marked lateral and medial epicondyles on Thiel-embalmed cadaver specimens,
shows the distribution of lateral and medial epicondyles on an area of 116 and 102 mm2,
respectively [31]. A team of another five surgeons studied the effect of errors in registering
anatomical points on five cadavers for five days. Key anatomical points, including lateral
and medial epicondyles, were intentionally marked wrong. The wrong registration of
lateral and medial epicondyles led to an error in rotational alignment ranging from 11.1◦

external to 6.3◦ internal rotation [32]. Similarly, there are various studies in which the errors
are either intentionally added, or induced due to human error, by the repetitive marking of
points during a course of time. The objective of such studies is to show the effect of errors
on the rotational alignment of TKA [32–36].

To reduce the errors caused by choosing a single point, bone morphing or selection
of multiple points on the landmark have been reported in the literature. For example,
Liu et al. marked a group of points and fitted an algorithm to choose the optimal point
for defining TEA [37]. Perrin et al. studied the reproducibility of implant positioning in
TKA using both morphing and conventional single-point selection techniques, and found
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the bone morphing technique to be more repeatable [38]. A system using bone morphing
relies on a database gathered by CT scans from a large number of patients supplied by
the device manufacturers. Once multiple anatomical points are registered by the surgeon,
the algorithm finds the bone model that best fits the marked points [39]. Instead of model
fitting, statistical shape models of the bone can be fitted in a marked cloud of points. The
bone morphing requires the surgeon to carefully mark the entire distal femur. This is a
time-consuming job, and error at this stage can lead to the failure of TKA [40]. This is
because bone morphing requires model fitting, which increases the computational cost,
and hence, the cost of TKA.

From the above literature review, it can be concluded that, since the beginning of
computer-based TKA, researchers have relied on an individual anatomical axis to set the
transverse axis of FCS. However, the reported outcomes are not repeatable and certain.
Thus, it is necessary to investigate the repeatability and accuracy of a transverse axis defined
by the combination of more than one anatomical axis. Currently, the aTEA is the most
reliable transverse axis for FCS; however, it is not a repeatable axis. This work proposes
a modified Whiteside’s line, which combines the Whiteside’s line and aTEA to define a
repeatable transverse axis. Moreover, this method can also be added to the existing TKA
devices just by their software upgradation. The rest of the paper is organized as follows:
Section 2 reviews the generalized method to define FCS, the tibial coordinate system (TCS),
and presents the proposed modified Whiteside’s line. Section 3 describes the CAD and
experimental setup. Section 4 presents and interprets the results, while Section 5 concludes
the work.

2. Methodology

The imageless TKA device consists of two components: (a) a sensing system containing
a pair of optical sensors coupled with an infrared camera, to capture anatomical points
marked by the surgeon; and (b) an algorithm to utilize the surgeon-marked points for the
construction of a coordinate system to prepare the bone surfaces for implant placement.
The coordinate systems developed virtually at the distal femur and proximal tibia are
referred to as FCS and TCS, respectively. The nomenclature of anatomical points to perform
an imageless TKA is marked on open-source bone models, as shown in Figure 1 [41]. In
the following section, a generalized procedure adopted to create FCS and TCS is explained
first. Later, the modified Whiteside’s line technique is developed.
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2.1. Defining the Procedure for a Coordinate System 

Figure 1. Anatomical points required for TKA [41]: femur and tibia.

2.1. Defining the Procedure for a Coordinate System

The algorithm to assign FCS and TCS is programmed in MATLAB. The anatomical
points shown in Figure 1 are the required inputs for this algorithm. FCS and TCS are
independent of each other.

2.1.1. Femoral Coordinate System

Assignment of FCS requires the identification of a knee center (KC), which becomes
the origin of FCS. For this work, the femur mechanical axis is taken as the y-axis. The z-axis
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is marked between the lateral and medial sides. The x-axis is obtained by the cross product
of the earlier marked axes and lies between the anterior and posterior of the body. Figure 2
shows a generalized four-step approach defined on an open-source [42] model.
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(b) Mechanical axis and virtual plane, (c) Transverse axis, (d) Cross product.

Step 1: A fixed sensor is attached at the distal femur. Keeping the hip stationary, the
circular motion of the femur allows the attached sensor to capture the surface of a sphere.
A sphere-fitting algorithm fits an approximate sphere to the marked surface. The center of
the sphere is the femur head center (FHC), as shown in Figure 2a. For the proposed work,
a fast geometric fit algorithm for sphere is used because of its computational efficiency [43].

Step 2: During surgery, KC is marked by the surgeon. Currently, KC is taken above
the center of the intramedullary canal hole, which is approximately 3 mm medial to the
center of the femoral groove and 10 mm anterior to the posterior condylar ligament [44].
Figure 2b shows the process where FHC and KC define the femur mechanical axis and
y-axis for FCS. A virtual plane parallel to a sagittal plane is created using Equation (1) for
the projection of the transverse axis to be defined in step 3 [45]:

ax + by + cz + d = 0 (1)

where, a, b, and c are the coefficients of the femur mechanical axis, and d is the distance
between origin and plane.

Step 3: The transverse axis can be marked in several ways, for example by aTEA,
Whiteside’s line, and sphere fitting [9–11]. Once anatomical points on the distal femur
are finalized by the surgeon, these points are projected onto the defined virtual plane, as
shown in Figure 2c [46]. This projection ensures the orthogonality of the mechanical and
transverse axes. Equations (2)–(4) represents the generalized equation for point projection:

x′ = x0 + at (2)

y′ = y0 + bt (3)

z′ = z0 + ct (4)

where (x0, y0, z0) are the coordinates of the point to be projected on the plane; (x′, y′, z′)
are the coordinates of a projected point; a, b, and c are the components of the normal vector
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of plane calculated in Equation (1); and t is the parameter such that the projected point is
on the plane and line at the same time.

In the case that the anatomical points to accurately mark the transverse axis have
deteriorated, the third axis is marked by Whiteside’s line, since it is almost perpendicular
to the epicondylar axis as calculated by Middleton and Palmer [15]; the average angle
between Whiteside’s line and the epicondylar axis is 91◦.

Step 4: Once two axes are finalized, the cross product between the femur mechanical
axis and the transverse axis or Whiteside’s line completes the assignment of FCS, as shown
in Figure 2d:

→
x =

→
y ×→z (5)

where ‘×’ represents the cross product.

2.1.2. Tibial Coordinate System

The contribution of this work is related to the FCS only. The generalized method to
assign TCS is explained because the algorithm used to define FCS can also define TCS, with
change in only the first step. Figure 3 shows the steps carried out to define TCS [47]:
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Step 1: The center of the malleoli/ankles is obtained by marking the lateral and medial
malleoli. The midpoint of the axis defined by the coordinates of the lateral malleolus (LM)
and medial malleolus (MM) is the center of malleoli (CM), which is not an exact average of
LM and MM, but can be calculated by the following formula [48]:

(x, y, z)CM = 0.57× (x, y, z)MM + 0.46× (x, y, z)LM (6)

The tibia center (TC) is obtained by fitting a circle in the outer surfaces of the lateral
tibial plateau (LTP) and medial tibial plateau (MTP); the midpoint of the line joining the
centers of circles will define the TC. Then, TC and CM define the mechanical axis (y-axis)
for TCS. For orthogonality of TCS, a plane is defined using TC and CM for the projection of
MTP and LTP, using Equations (2)–(5).

Step 2: The centers of circles fitted in LTP and MTP define the z-axis. These centers
are projected onto the virtual plane to create a z-axis orthogonal to the y-axis.

Step 3: The cross product between the z-axis and y-axis completes the definition of TCS.
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2.2. Modified Whiteside’s Line

Whiteside’s line and aTEA are the most common transverse axes being used in com-
mercial TKA devices because these anatomical axes are reported in clinical studies to be
(almost) perpendicular to each other [15]. However, due to the small length of the White-
side’s line, a minute registration error leads to a large orientation error [21]. On the other
hand, choosing an exact bony point to define an aTEA is nearly impossible, even under
ideal conditions [30,31]. Utilizing the anatomical properties of the Whiteside’s line and
aTEA, a modified Whiteside’s line method can be applied to define the transverse axis for
FCS in a novel way. This method relies on the orthogonality of the Whiteside’s line and
aTEA, and the fact that the distance between the boniest points and a plane defined by the
Whiteside’s line will be the largest perpendicular distance among all points on the lateral
and medial epicondyles.

The modified Whiteside’s line requires marking multiple points on the lateral and
medial sides of the epicondyle, referred to as a cloud of points. Figure 4a shows the position
of clouds, N, and PG. This proposed algorithm is programmed in MATLAB. Within the
algorithm, the center of N, KC, and FHC and PG, KC, and FHC defines two independent
central planes CN and CPG, respectively, as shown in Figure 4b. The perpendicular distance
between each point of the lateral cloud and CN plane is calculated using Equation (7) [49].

Distance =
|axo + byo + czo + d|√

a2 + b2 + c2
(7)

where (xo, yo, zo) are the coordinates of the point and (a, b, c) are the components of the
normal vector.
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Similarly, the perpendicular distance between each medial point and CPG is calculated.
The points corresponding to the largest perpendicular distances on each side are selected
to define the aTEA. The chosen points define a repeatable aTEA, because the highest point
will always have the largest perpendicular distance. Algorithm 1 and Figure 5 describe the
working principle of the MATLAB algorithm. The remaining procedure to define FCS is
carried out as usual.
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Algorithm 1: Modified Whiteside’s line for FCS

Input: KC, FHC // Chosen be probe sensor
MPoints, LPoints // A cloud of points on the lateral and medial sides
Output: xaxis, yaxis, zaxis // FCS
yaxis := (FHC – KC)
// A plane normal to the y-axis and passing through KC
VP := ∏ (yaxis, KC)
CN := ∏ (N, KC, FHC)
CPG := ∏ (PG, KC, FHC)
// Function 1: Selection of prominent point from MPoints
ME := Function 1 (CPG, MPoints)
LE := Function 1 (CN, LPoints)
// Function 2: Projection of prominent point on the virtual plane
MEProjected := Function 2 (ME, VP)
LEProjected := Function 2 (LE, VP)
zaxis := (MEProjected – LEProjected)
xaxis := yaxis x zaxis
chosen point := Function 1 (plane equation, cloud points)
for i := 1 to # cloud points

ith cloud point := (x, y, z)
ith cloud point, 4th column := |ax+by+cz+d|/sqrt(a2 + b2 + c2)

endfor
j := find indices of max(ith cloud point, 4th column)
chosen point := jth cloud point
endFunction 1
Projected point := Function 2 (point, plane)
point := (xo, yo, zo)
x := xo + at; y := yo + bt; z := zo + ct;
substitute (x, y, z) in plane and solve for “t”
Projected point := substitute “t” in (x, y, z)
endFunction2
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3. Experimental Setup
3.1. CAD Model

During the actual surgery, all the anatomical points are recorded via either fixed or
movable sensors. For this work, an open-source CT scan of a 44-year-old human bone is
used. The weight and height of the patient are 85 kg and 185 cm, respectively [42]. All the
anatomical points, including KC, Whiteside’s line, and the highest points on the lateral
and medial epicondyles (LE and ME) are marked in CAD. An alternative for this work, in
contrast to real surgery, is that during surgery, FHC is obtained by the circular motion of
the femur with a fixed sensor attached to the distal femur; however, for this experiment,
FHC is obtained in commercial CAD software (Solidworks). Once all the points are marked,
the bone model is printed, and anatomical points are captured, using a sensing system for
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experimental verification. During 3D printing, the bone model was linearly scaled down
by 10% to print within the printing bed size of the 3D printer. Due to this downscaling, the
size of the CAD model is larger than that of the printed bone. This change in size will not
affect the results, as each axis of the FCS will be normalized. Figure 6 shows the marked
CAD and 3D-printed models.
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Figure 6. Printed bone model and CAD bone model.

3.2. Sensing System

The sensing system consists of a pair of OptiTrack Flex 3 cameras coupled with Motive
2.0 software (OptiTrack, Corvallis, OR, United States). This software requires a CS−200
calibration square and a probe sensor to capture the coordinates of different anatomical
points. Figure 7 shows the experimental setup including infrared (IR) camera (OptiTrack
Flex-3), fixed tracker (CS−200), 3D-printed bone model, bone fixture, and probe sensor.
This passive system relies on the IR beam emitted by the OptiTrack camera. The spherical
markers attached to the fixed and probe sensors reflect the IR beam. Motive 2.0 processes
the reflected beam to provide the instantaneous position of the probe sensor with respect to
the CS−200.
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The CS−200 acts as a global coordinate system (GCS) for the probe sensor measure-
ments. In this work, the data from the sensing system will be validated with CAD data.
Since the GCS for the CAD model and sensing system are different, the CAD global co-
ordinate system (CAD−GCS) is shifted to FCS in CAD, and the CAD-femoral coordinate
system (CAD−FCS) acts as a common coordinate system (C−CS). To check the accuracy
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of the sensor measurement, FCS is defined on the 3D-printed bone, and a homogeneous
transformation matrix (HTM) is created using Equation (8) [50].

ATB =

(ARB
)

0 0 0

∣∣∣∣∣∣
(

APBorg

)
1

 (8)

where “A” represents a base frame with respect to which frame “B” is defined. ARB is
a 3 × 3 rotation matrix to express the orientation of “B”, and APBorg is a position vector
between the origin of “A” and “B”. Once the sensor-measured anatomical points are
transformed into the sensor-femoral coordinate system (S−FCS) frames using Equation (9),
the accuracy of the sensing system can be checked against CAD-measured anatomical
points [51]:

BP = BT A ∗ PA (9)

where BT A is the inverse HTM. PA represents the position of any anatomical point in
the sensor-global coordinate system (S−GCS) that is to be transformed into S−FCS. The
coordinates of anatomical points in CAD−FCS can either be obtained directly in Solidworks
or by repeating the procedure used to obtain the anatomical points in S−FCS by defining
an HTM.

4. Results and Discussion

This section is divided into three parts. First, the results of the sensing system are
compared with the CAD results to verify the authenticity of the experimental setup. The
repeatability of current techniques to assign transverse axis is checked in Solidworks. In
the end, the proposed technique is verified in the CAD and experimental environments.

4.1. Validation of the Sensing System with CAD Results

The points used to define the anatomical axes for FCS are marked on the CAD model
before 3D printing, as shown in Figure 6. Table 1 gives each anatomical point in CAD−GCS.
These points include KC, FHC, ME, and LE to define the HTM, and N and PG to define the
two central planes CN and CPG, respectively. The unit vectors of CAD−FCS in CAD−GCS
construct the rotation part, and the position of KC in GCS completes the HTM given in
Equation (10):

CAD−GCSTCAD−FCS =


−0.1546 0.2435 0.9575 −44.64
0.0714 −0.9639 0.2566 345.84
0.9854 0.1080 0.1317 −40.47

0 0 0 1

 (10)

Table 1. Anatomical points marked on CAD model in Solidworks.

Anatomical Point CAD−GCS CAD−GCS→ CAD−FCS

KC [−44.64, 345.84, −40.47] [~0, ~0, ~0]
FHC [49.95, −28.66, 1.51] [0, 388.54, 0]
ME [−9.53, 341.24, −45.05] [−10.27, 12.49, 31.83]
LE [−74.88, 324.47, −54.09] [−10.27, 11.76, −36.23]
PG [−44.82, 331.51, −24.65] [14.60, 15.48, −1.77]
N [−42.30, 332.39, −52.65] [−13.32, 12.22, −2.81]

Equation (9) and CAD−GCSTCAD−FCS transform CAD−GCS anatomical points into
CAD−FCS. Table 1 gives the transformed anatomical points.

Similarly, an HTM from S−GCS to S−FCS is defined following the same procedure as
for CAD−GCS to CAD−FCS. Table 2 shows the S−GCS coordinates of each anatomical
points being used to define an HTM given in Equation (10). Additionally, N and PG will be
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used for defining CN and CPG planes, respectively. Furthermore, by using Equations (9)
and (10), S−GCS anatomical points transformed into S−FCS are also shown in Table 2.

S−GCSTS−FCS =


−0.5978 −0.2584 −0.7589 519.526
0.7186 −0.5923 −0.3644 271.440
−0.3553 −0.7631 0.5398 41.1153

0 0 0 1

 (11)

Table 2. Anatomical points marked on the printed bone model with probe sensor.

Anatomical Point S−GCS S−GCS→ S−FCS

KC [519.53, 271.44, 41.12] [~0, ~0, ~0]
FHC [428.93, 63.77, −226.45] [0, 350.61, 0]
ME [500.89, 246.93, 51.80] [−10.27, 11.19, 28.83]
LE [547.84, 269.21, 17.85] [−10.26, 11.75, −33.23]
PG [522.99, 251.59, 35.60] [14.37, 15.07, −1.63]
N [506.83, 272.67, 28.73] [−12.87, 12.00, −2.50]

4.2. Repeatability Challenge in Conventional Techniques

To verify the limitations of Whiteside’s line, aTEA, and sphere fitting as reported in the
literature, FCS is developed using each axis one at a time. Each anatomical axis is marked
five times by viewing the distal femur from a different view. For example, LE and ME are
marked by viewing the distal femur from top, bottom, anterior, posterior, and isometric
views. In each view, the apparent highest points on the lateral and medial sides of the
epicondyle are marked to define aTEA. Similarly, the sphere-fitting curve and Whiteside’s
line are marked to define the “test-FCSs”. Figure 8 shows the orientation error between
CAD−FCS and each test–FCS for five measurements of each method. It is observed that a
small change in marking Whiteside’s line led to large changes in orientation, and aTEA is
close to CAD−FCS for two of the measurements. Similar results were observed by Victor
et al. during a study of 12 cadaveric specimens [21]. Whiteside’s was concluded to be
the least consistent axis, with errors up to 11.67◦. Similarly, the maximum error for aTEA
was 6.16◦.
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The results of the sphere-fitting line in between the aTEA and Whiteside’s method are
discussed. Sphere or cylinder fitting defines an accurate axis only when a fitting is done
between (10 and 110)◦ of flexion [52,53]. For this experiment, the sphere is fitted between
a full articulating surface, (0 to 110)◦, (10 to 100)◦, (0 to 100)◦, and (10 to 110)◦ of flexion.
Overall, it is observed that the conventional methods are not repeatable.
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4.3. Modified Whiteside’s Line—CAD Results

First, the proposed technique is tested using CAD data. Multiple points on the lateral
and medial sides of the epicondyle are marked. The algorithm will choose the highest LE
and ME points from the marked points. A total of 141 points were marked on the lateral
side, and 145 points were marked on the medial point. Around the apparent highest lateral
and medial points, the points that are also printed on the 3D bone model, dense points
were marked with their surface-to-surface distance of no more than 0.25 mm, as shown
in Figure 9. The spread of the cloud was 8.27 mm on the lateral side and 7.62 mm on the
medial side. Similarly, 66 points in PG and 63 points in N with cloud spread of 4.15 mm
and 5.35 mm, respectively, were marked for an algorithm to define CPG and CN, using one
point at a time.
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Based on the marked points, the algorithm defined FCS using each point, and com-
pared its orientation with FCS defined by aTEA. For example, first, a constant LE marked
on the bone is used while calculating ME by the proposed method. To get a new ME, each
point marked in PG along with KC and FHC is used to define the CPG plane. Based on
the largest perpendicular distance, ME is chosen from the medial cloud. FCS is defined
using the obtained points, and its orientation is compared with reference FCS defined using
the marked aTEA, as described in Figure 6. Since the y-axis is the same in both FCSs, the
angle between the z-axis is measured to obtain the orientation error. Once all points are
used to define CPG, ME is kept constant, and points marked in N are used to define CN,
to find the LE from the lateral cloud. Table 3 compares the orientation error between the
FCSs obtained by Whiteside’s line, aTEA, and the proposed modified Whiteside’s line. The
orientation error is measured by defining an anatomical point 3 mm away from its ideal
position. To measure the error, first FCS is defined using an ideal anatomical point, then
the anatomical point is marked with 3 mm of error in a lateral or medial direction to define
a second FCS. Finally, the orientation between the first and second FCSs is measured to
check the effect of 3 mm error on that anatomical axis.
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Table 3. Comparison of orientation errors of each method depending on 3 mm registration error.

Method Direction Orientation Error (deg)

Whiteside’s line
Anterior

Lateral 6.73
Medial 5.77

Posterior
Lateral 3.36
Medial 5.50

aTEA
Lateral

Anterior 2.33
Posterior 2.49

Medial
Anterior 2.37
Posterior 2.47

Modified Whiteside’s line Anterior
Lateral 0.72

Medial 1.33

For the Whiteside’s line, it is observed that 3 mm error in PG in the lateral direction
caused a 6.73◦ deviation of FCS, while in the medial direction, 5.77◦ error was observed.
For N in the lateral and medial directions, 3.36◦ and 5.50◦ error was observed, respectively.
For an aTEA lateral side, 3 mm in anterior and posterior directions caused 2.33◦ and
2.49◦ deviation, respectively. Similarly, for the medial side, 2.37◦ and 2.47◦ deviations
were observed. Before testing the modified Whiteside’s line, it was made sure that the
anatomical point coordinates used for testing aTEA are included in lateral and medial
clouds; also, the CN and CPG were defined using the same points that were used to define
the Whiteside’s line. With the proposed method for 3 mm off of the marked PG position,
0.72◦ and 1.33◦ deviations were observed on the lateral and medial sides, respectively.
For N, it was 0.64◦ and 2.06◦ on the lateral and medial sides, respectively. The maximum
orientation error using the proposed method is 3.22◦ when PG is marked 19.80 mm away
in a lateral direction and 5.54◦ when PG is 8.73 mm in the medial direction. Similarly, for N,
maximum orientation error of 2.50◦ was observed at 19.20 mm in a lateral direction and
5.48◦ when N moved 12.75 mm in the medial direction. It is also observed that within the
radius of 2.1 mm around the actual N, the mean orientation error was 0.4197◦. The mean
orientation error around 1.76 mm radius of PG was 0.3566◦.

4.4. Modified Whiteside’s Line—Experimental Results

For experimental validation, five points were marked in N and five points in PG using
the probe sensor. The probe sensor captures 30 frames per second. For lateral and medial
clouds, epicondyles were painted with a probe sensor for five seconds on each side to
obtain 150 points in each cloud. The number of points added in the medial and lateral
clouds are directly proportional to both the accuracy of the femoral implant and the surgery
time. Figure 10 shows the sensor-marked PG and N points. While marking the N points,
it was observed that marking the N point is easy compared to PG, as the N lies inside
the notch, and is easy to identify. On the other hand, PG lies inside the curve with large
curvature, so it needs to be marked carefully. However, during surgery, PG lies in front of
the surgeon, so it can be accurately marked by an experienced surgeon. For experimental
validation, the FCS is defined using the printed LE and ME points, as shown in Figure 6.
Another FCS is defined by keeping LE the same as printed on the bone, and ME is defined
using the modified Whiteside’s line method. The error is a measure of the difference in
orientation of both FCSs. Similarly, once all PG points are used to find ME, LE is chosen
from the lateral cloud using all N points, one at a time.
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Table 4 shows the orientation error for different points. PG and N points were marked
around the marked PG and N points in all directions. With the modified Whiteside’s
line for the PG case, a minimum error of 0.3441◦ and a maximum error of 1.9197◦ were
observed. The mean error and standard deviation for five measurements were 0.8481◦ and
0.6414◦, respectively. For the N case, the minimum and maximum errors were 0.4586◦ and
0.9684◦, respectively. The mean error and standard deviation for five measurements were
0.7566◦ and 0.1848◦, respectively. These results show that the modified Whiteside’s line
produces near repeatable aTEA. Additionally, for conventional methods, as the error in the
registration of anatomical points increases, the orientation error increases proportionally.
On the other hand, the proposed method picks LE and ME from cloud points, so it defines
a more reliable and repeatable TEA.

Table 4. The modified Whiteside’s line experiment.

Modified Whiteside’s Line Orientation Error (deg)

PG→ME
LE→ Printed

PG-P1 0.9268
PG-P2 0.6428
PG-P3 0.3441
PG-P4 0.4069
PG-P5 1.9197

N→ LE
ME→ Printed

N-P1 0.4586
N-P2 0.7948
N-P3 0.9684
N-P4 0.7948
N-P5 0.7663

5. Conclusions

The accuracy of imageless TKA relies on the anatomical points used to develop the
FCS and TCS, as these coordinates are used to prepare the bone surfaces for an implant.
Currently, imageless TKA devices use the femur mechanical axis as one of the axes of the
FCS. The assignment of a transverse axis between lateral and medial sides is a critical task.
The aTEA, Whiteside’s line, and sphere-fitting line approach in articulating surfaces are
three popular methods to assign the transverse axis; however, with a change in viewing
angle, the repeatability of each of these anatomical axes is disturbed. In this work, a
modified Whiteside’s line approach is proposed that provides an adaptable technique to
choose a near repeatable aTEA. This technique requires a cloud of points on the lateral and
medial sides of epicondyles, and two central planes: CN—defined using N, KC, and FHC;
and CPG—defined by PG, KC, and FHC. Based on the perpendicular distances between
cloud points and CN and CPG, the highest points on the lateral and medial epicondyles



Mathematics 2022, 10, 3670 14 of 17

are selected to define the aTEA. The proposed technique has been verified in Solidworks
software, and experimentally by using the OptiTrack sensing system. Around 140 points
were marked for each cloud, and 60 points were respectively marked for PG and N. FCS is
defined using each PG and N point one at a time. The repeatability of the proposed method
is verified by measuring the orientation of each developed FCS against a standard FCS.

Furthermore, the repeatability of the modified Whiteside’s line, aTEA, and Whiteside’s
line are compared at 3 mm registration error. It is observed that the Whiteside’s line is
the most unrepeatable axis, with orientation error up to 6.73◦; with a 3 mm error in an
aTEA axis, the maximum orientation error was 2.49◦. The modified Whiteside’s line
produced repeatable results with a maximum orientation error of 1.33◦ on PG and 2.06◦

on N sides. Additionally, with the conventional techniques, increase in registration error
always increases the orientation error; however, with the proposed method, for PG with
19.80 mm and 8.73 mm errors in the lateral and medial directions caused only 3.22◦ and
5.54◦ orientation errors, respectively. For N cases, 2.50◦ and 5.48◦ of error were observed
with registration errors of 19.20 mm and 12.75 mm in the lateral and medial directions,
respectively. Additionally, within the radius of 2.01 mm around N and 1.76 mm around
PG, the mean orientation error was 0.4197◦ and 0.3566◦, respectively. Hence, the modified
Whiteside’s line has removed the sensitivity of the Whiteside’s line and the uncertainty
of aTEA by providing a repeatable transverse axis for FCS. In the future, a surface-fitting
algorithm will be applied on the marked lateral and medial cloud points to avoid the
malrotation error that could be caused in case the surgeon misses to register the optimal
point to define the transepicondylar axis. Finally, the proposed model will be validated by
a cadaveric study.

Author Contributions: Conceptualization, M.S. and J.L.; methodology, M.S. and J.L.; software, M.S.,
J.P. and J.Y.K.; writing—original draft preparation, M.S. and J.Y.K.; writing—review and editing,
J.L. and H.S.K.; supervision, H.S.K.; project administration, H.S.K.; funding acquisition, H.S.K. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Ministry of Trade, Industry, and Energy (MOTIE) and the
Korea Institute for Advancement of Technology (KIAT), through the International Cooperative R&D
program (Project No. P0016173).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

ATB Transformation matrix from frame A to B
APBorg Distance between origins of frame B w.r.t frame A
ARB Rotation matrix defining the orientation of frame B w.r.t frame A
AP axis Anteroposterior axis
aTEA anatomical Transepicondylar axis
CAD−GCS CAD global coordinate system
CAD−FCS CAD femoral coordinate system

C−CS
Common coordinate system: a common coordinate system between
sensor and CAD system for validation of sensing system

CM Center of malleoli
FCS Femoral coordinate system
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FHC Femur head center
GCS Global coordinate system
HTM Homogeneous transformation matrix
KC Knee center
LE Lateral epicondylar
LM Lateral malleoli
LTP Lateral tibial plateau
CN Central plane defined by KC, FHC, and N
CPG Central plane defined by KC, FHC, and PG

Test-FCSs
Femoral coordinate systems defined using conventional methods to
check their repeatability

Standard-FCS
Femoral coordinate system marked by anatomical points printed on
the bone

ME Medial epicondylar
MM Medial malleoli
MTP Medial tibial plateau
N Intercondylar notch
PG Patella groove
PCA Posterior condylar axis
S−GCS Sensor−global coordinate system
S−FCS Sensor−femoral coordinate system
sTEA surgical Transepicondylar axis
TC Tibia center
TCS Tibial coordinate system
TEA Transepicondylar axis
TKA Total knee arthroplasty
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